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Introduction
The discovery in 1985 of a third allotrope of pure carbon, the fullerenes, has presented solid state science with a new class of materials exhibiting fascinating and and potentially useful properties [l] . In this review, we aim to pre'sent the current status of research into the fullerenes and fullerene compounds from the standpoint of their electronic structure in the solid state, and in particular the role played in its study by high-energy spectroscopy. In the following, we concentrate mainly on data recorded in our own laboratories l using high-energy electron energy-loss spectroscopy (EELS) in transmission, and photoemission spectroscopy (PES). However, we acknowledge at the outset the efforts of many other groups worldwide also engaged in the'study of the electronic structure of these new solids, and stress that in some cases our data are representative of results first reported by other workers [ 2 ] .
After the discovery .of Cso and other fullerenes in the the soot produced by the laser vaporization of graphite by Kroto, Smalley and coworkers [ 11,  the development of a process in which bulk quantities of these new molecules could be prepared in the laboratory by Kratschmer, Huffman er a1 [3] . in 1989 opened up the field of solid state fullerene science.
To date there have been a number of review articles about fullerenes and their compounds [4], including more specialist articles covering the solid state properties of fullerenes [5] , structural studies [6] , theoretical aspects [7, SI, photoemission and inverse photoemission 191 as well as fullerene science viewed from a chemical perspective [IO] . As there is certainly not space here for more than the briefest mention of most these areas, we direct the reader to these articles for a more detailed treatment. Before going on to discuss the experimental methods, data and theoretical models developed to describe the electronic structure of fullerenes and their compounds in the solid state, it is helpful to place such work in a broader context. Information from high-energy spectroscopic studies of fullerene electronic structure is of use in two main areas. The first of these is the testing of theoretical predictions. There have been many calculations of the electronic structure and physical properties of C~O and its compounds. The experimental determination of these properties, and in particular the details of the electronic structure, present a rigorous and direct test of any aspiring theory. At the same time, comparison of the high-energy spectroscopic data with different theoretical models can often help in the extraction of the essential physics of the system in question, since the models themselves are by necessity forced to describe only its defining features. In addition, many of the interesting and potentially useful properties of the fullerenes and their compounds, such as high electrical conductivity, superconductivity, and ferromagnetism, as well as their optical properties, are intimately related to their electronic structure, thus making the systematic study o f fullerene electronic structure of some importance. The discussion of this study given below tends naturally to focus on the spectroscopic results from the archetypal fullerene, C60. This mainly reflects the fact that the overwhelming majority of fullerene research conducted to date has been carried out on these materials' most abundant representative.
EELS and PES as probes of the electronic structure of solids
In this section we briefly describe the two experimental techniques with which most of the data discussed here were recorded. The salient points of the experimental set-up and sample preparation procedure will be given later. As its name suggests, the technique of electron energy-loss spectroscopy exploits the interaction of an electron beam of selected energy with the sample in question (usually a solid). The resulting excitations of the system are manifest in the outgoing electron beam as energy losses, which are expressed in terms of their energy separation from the incoming, or primary beam. At energies above 30 keV, the primary electron beam can be transmitted through thin samples and thus the electron energy-loss experiment can be canied out in transmission. Operation in transmission gives the dual advantages of bulk sensitivity (in comparison with other electron spectroscopic techniques such as EELS in reflection or photoemission) and the ability to measure energy losses at a well defined angle with respect to the direct beam, thus allowing the study of excitations as a function of momentum transfer. In addition, the energy loss can be set to zero and thus an electron diffraction experiment can be conducted in transmission, which allows in situ structurai characterization of the sample under investigation.
The quantity measured in EELS is the loss function, Irn(-l/&), which provides information on the excitations of the system and, after Garners-Kronig analysis (KKA), yields the real and imaginary parts of the dielectric function, & I (w) and E Z ( W ) . respectively. For energy losses below -40 eV, the loss function essentially describes the valence band excitations of the system, and at higher energies, the loss function describes transitions from core or shallow core levels into unoccupied states of appropriate atomic character. If the effect of the resultant core hole is negligible, this gives a measure of the transitionmatrix-element-weighted site-and symmetry-specific unoccupied density of electronic states (DOS). These core excitations are governed by the dipole selection rule, thus, for example, excitations from the C Is core level of a carbon atom will give a picture of the unoccupied C 2p-derived DOS at that site. A more detailed description of the operation and principles behind such experiments can be found in [ 1 I] . Information analogous to that obtainable from EELS in the low-energy region is provided by optical spectroscopy (although only with zero momentum transfer), and in the high-energy region from x-ray absorption spectroscopy
The technique of photoemission is widely used in the study of the electronic structure of solids (see for example [12] ). It utilizes the photoelectric effect in which an electron is ejected from the occupied electronic levels of the sample on irradiation with monochromatic light. The photoelectron flux as a function of the final state (kinetic) energy is a measure of the energy distribution of the ( N -1) electron states (where N is the number of electrons in the ground state). This is also known as the electron removal spectrum. For noncorrelated systems this quantity &equivalent to a matrix-element-weighted measure of the occupied DOS. If the sample under investigation is single crystalline, then the collection of photoelectrons within a limited angular range (with respect to the sample normal) also determines the value of the component of the wavevector in the initial state parallel to the crystal surface, kl,. In this way, both the energy and wavevector of the initial state can be probed, allowing the mapping of the electronic bands as a function of kll. The kinetic energy of the photoelectrons usually varies from a few electron volts up to a few hundred, depending on the photon energy used. This results in the surface sensitivity of the technique, as the inelastic mean free path of a typical photoelectron in a solid is in the range of A. This means that ultrahigh vacuum (UHV) is necessary to maintain a surface free of adsorbates during the timescale of the measurement, and that the effect of the surface should be taken into account in the interpretation of the resulting spectra. A complementary technique is that of inverse photoemission (IPES), in which the insertion of an electron into the unoccupied levels of a material is accompanied by emission of a photon. The number of photons emitted at a given energy is determined, thus giving the energy distribution of the ( N + I)-electron system (the electron addition spectrum). IPES provides analogous information to the core level excitations carried out in an EELS or XAS experiment; however, IPES has the advantage of having no core hole present in the final state (although it does have a low cross-section for electron capture and is, like photoemission, a surface probe).
(XAS).
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Experimental details
Fullerene containing soot was produced using the Kratschmer-Huffman carbon arc method [3] . After extraction with toluene, the C~O and C?O were separated using chromatography on an alumina column with 10% toluene in hexane as eluant. The remaining higher fullerenes were purified and separated using state of the art liquid chromatography [13] . Due primarily to the small quantities involved, but also to their chemical similarity and low solubility, the separation of the higher fullerenes in quantities sufficient for spectroscopic study is an important and exacting task so far achieved by only a few laboratories worldwide 113,~ 141.
The EELS experiments were performed in transmission with a primary beam energy of 170 keV in a purpose-built UHV spectrometer described in detail elsewhere [ 1 I] . The samples are made by vacuum sublimation of the appropriate fullerene from a heated crucible onto a substrate (usually an alkali halide single crystal) held at elevated temperature (-470 K). After deposition of -1000 A of fullerene (as monitored by a quartz crystal thickness monitor), the films are floated off the substrates in distilled water, mounted on standard electron microscopy grids and transferred into the EELS spectrometer. Intercalation is carried out in situ in the preparation chamber of the spectrometer (base pressure 5 x IO-'' mbar) by evaporation either from a commercial SAES getter source (alkali metals)
or from a resistively heated evaporation cell (Ca). During intercalation, the fullerene film is maintained at -470 K to promote intercalant homogeneity and to improve the grain M S Gulden ef al size of the resultant fulleride film. An additional post-anneal at higher temperature (up to 620 K) may also be used for the same purpose. Alternatively, phase pure fulleride samples can be prepared using vacuum distillation, in which either the fullerene or the intercalant is preferentially evaporated from the sample held at elevated temperature, such that the stoichiometry of a nominal starting composition approaches that of the desired phase. This technique has been shown in the past to be highly effective in the preparation of phase pure C~O and C~O fulleride thin-film samples 115, 161. After preparation, the films are transferred into the spectrometer analysis chamber (base pressure 2 x lo-]' mbar) for measurement. For the valence level excitations and elastic scattering (electron diffraction) data shown here the momentum resolution of the instrument was set to 0.04 A-' with an energy resolution of 90-140 meV. The core level excitations were performed with a momentum and energy resolution of 0.2 A-' and 90-140 meV, respectively. All EELS experiments were conducted at room temperature.
The photoemission experiments were carried out using a commercial 50 mm mean radius hemispherical electron analyser, together with a noble gas discharge lamp providing radiation at energies of 21.22 and 16.8 eV for operation with He and Ne, respectively. The electron analyser is mounted on a goniometer allowing its independent rotation with respect to the sample surface in both the polar and azimuthal angles and has a total angular resolution of 2". Ordered samples may additionally be characterized using low-energy electron diffraction PEED). Fullerene films of -100 A in thickness are prepared in situ in the preparation chamber (base pressure 1 x lo-'' mbar) by sublimation from a Knudsen cell onto a heated substrate. The samples fall into two main categories: those deposited onto freshly evaporated polycrystalline gold films, and those grown on the cleaved (001) surface of GeS single crystals. The latter form ordered single-crystalline films, whilst the former are polycrystalline in morphology. Intercalation is carried out in the preparation chamber in a similar manner to that described above for the samples prepared for EELS studies. The samples are transferred in vucuu into the analysis chamber (base pressure 5 x lo-'' mbar), where they are mounted on a cryostat with a temperature range at the sample surface of 10-440 K.
4. Theoretical predictions of fullerene and fulleride electronic structure Before discussing the experimental high-energy spectroscopic data from solid fullerenes and their compounds it is instructive to briefly consider the question of their electronic structure from the theoretical viewpoint. Due to its wide application, we will first discuss calculations based upon the local density approximation (LDA) to density functional theory, in which all many-body effects are collected into the exchange-correlation energy, which is evaluated within a free-electron model. We then discuss the extent to which this picture requires re-evaluation to take into account the effects of rotational disorder, electron correlation and electron-phononlvibron coupling, all of which have a role to play in the determination of the electronic suucture of fullerenes in the solid state. 
LDA calculations
The molecular framework of the C , molecule is built mainly upon sp*-like U bonds between the carbon nuclei; the T bonds lying on radii directed out on a line from the molecule's hollow centre. Thus on condensation of Ca into a solid, one would expect the majority of the intermolecular orbital overlap to be between the K MOs. The left-hand panel of figure  1 shows a schematic diagram of the MO scheme of an isolated C~O molecule, calculated The centre panel of figure 1 concentrates only on the bands derived from the molecular HOMO and LUMO, and shows that condensation into the solid (fcc with lattice constant a0 = 14.198 A) [I91 bas only a small effect on the electronic levels. calculated using the LDA [17] . A direct bandgap of the order of -1.5 eV is predicted to remain between the HOMO-and LUMO-derived bands, the precise value of which differs slightly from one calculation to the next [7, 8, 17, 181 . Enough molecular character is retained such that the transition across the bandgap is essentially optically forbidden, as both HOMO-and LUMO-derived bands result from molecular levels possessing ungerade symmetry. The relatively weak van der Waals interactions between the c6Q molecules in the solid are also expressed in a cohesive energy of only 1.6 eV/CGO cluster (compared for example with a typical C-C bond energy of -3 eV) 1171. Cso adopts an fcc structure at room temperature, and so there are two tetrahedral sites and one octahedral site available for intercalation per C60 molecule [6] The crystal structures of the known alkali metal c 6 0 fulleride phases vary from rock-salt or orthorhombic for AGO, fcc for A;C@, bct for and bcc for A6Cm (with the exception of sodium: Na6Cm remains fcc) [6, [21] [22] [23] . The formation of many of these structures can be understood in terms of the progressive occupation of the interstitial sites by the intercalant (further details can be found in 161 and [23]). The most intensively studied fullerides have been those of the alkali metals K and Rb with c60, as metallic conductivity and superconductivity was first reported in the A$60 materials (A = K, Rb). In the A,C60 systems, the alkali metal atom donates its outermost s electron to the fullerene host upon intercalation. thus forming a salt, such as NaCI.
As regards the electronic structure, the simplest possible approach with which to treat the effects of alkali metal intercalation is to take the calculated electronic structure of the solid fullerene, for example GO, and move the Fermi level appropriately to account for the transfer of one electron per alkali metal atom intercalated. This approach is valid in the sense that the highest-energy scale in these systems is that of the fullerene molecule itself, and that on this scale the system remains relatively unaffected by the addition of up to six electrons [24] . The results of LDA bandstructure calculations of RbC60 [20] , (Rb, K);c60 [25, 261, (Rb, K) & [RI and (Cs, Rb, K, (see also [7] and [RI) would appear to confirm the simple picture outlined above, with complete charge transfer to the fullerene molecule and an insulating ground state only predicted in the case of the A6C60 fullerides, in which the t,,-derived band is full. However, as will be discussed below, many of the high-energy spectroscopic data from the A,Cm materials fall outside the rigid-band doping scheme and the LDA description. with the insulating nature of A4C60 (A = K, Rb, Cs) being the notable example. Thus the description of fulleride electronic structure needs to be further refined beyond the already sophisticated LDA calculations.
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Orientational disorder
It is well known that the fullerenes are apt to display orientational disorder in the solid state. At 300 K the c60 molecules rotate very rapidly (they are in fact more labile than in solution), resulting in a lattice with fcc symmetry and a lattice constant of a0 = 14.2 A [19] .
Below -260 K there is a first-order phase transition from fcc to an orientationally ordered simple cubic (sc) phase (the icosohedral point group symmetry of the Cm molecule is incompatible with a rotationally ordered fcc phase). The Cm molecules, however, continue to 'ratchet' from one preferred orientation to another. This rotation is finally frozen out on crossing a glass transition at -90 K, which leaves -85% of the c 6 0 molecules in one orientation and the remaining 15% in another orientation of slightly higher energy [29] . In the A$@ materials (A = K, Rb), the c60 molecules display a binary (merohedral) orientational disorder, with statistical occupancy of the two molecular orientations which remains disordered even at low temperature 16, 301. This disorder has been predicted to have significant effects on the bandstructure for these materials [ZO] , with a smearing out of the fine structure in the tl,-derived conduction band DOS, whose width remains unaffected by the disorder [31] . However, the results of a cluster Bethe lattice model of K;c60 suggest that despite the disorder, the electronic states near EF. are best described using an effective Bloch wave vector, with a mean free path of -20 A, and that the states localizcd due to disorder lie only at the bottom or top of the band [32].
Quasiparticle bandstructure
LDA approaches calculate a system's ground state electronic structure, but the experiments to which they are often compared (PES and IPES) are excitation spectra. There has been, however, a calculation of the electronic excitations of solid c 6 0 [33] within the GW approximation. This method uses the basic LDA eigenvalues to obtain the electron excitation energies of (he system. The latter include a treatment of the electron self-energy (in terms of a dynamically screened Coulomb interaction) and are thus more directly comparable with the results from high-energy spectroscopies than are the bare LDA eigenvalues. Using this method, the quasiparticle gap is predicted to be 2.15 eV with bandwidths of ~0.9, 0.7 and 0.8 eV for the HOMO-, LUMO-and (LUMOf1)-derived bands, respectively 1331. These figures are much closer to the experimental value of -2.3 eV for the PES/IPES gap [9, 341 and the HOMO bandwidth of -1 eV [35] . (although it has been pointed out that the fact that the self-energy corrections themselves are of the same order of magnitude,as the uncorrected bandwidths shows that solid c 6 0 cannot be treated as an 'ordinary' semiconductor such as Si [36] ).
Electron correlation
As a result of solid Ca's molecular nature, the charge distribution is inhomogenous, with charge concentrated on the molecules themselves. This localization of charge is analogous to that in some materials with partially filled 3d and 4f levels. for which LDA is unable to correctly predict their electronic structure as its mean-field treatment of the exchange and correlation energies cannot account for the strong on-site Coulomb repulsion (U) resulting from the the spatial localization of the orbiials in question. U between two holes on the , and therefore raises the question as to whether solid fullerenes are not more appropriately described within models in which the strong correlation is more explicitly treated [38: 391. As a result of this, it has been suggested that integer x AXC6o phases should be Mott-Hubbard insulators, and accordingly that the superconductor 'K3C60' is non-stoichiometric and therefore a doped Mott-Hubbard insulator [34] .
There has also been lively debate as to whether the intersite hopping energy, V = 0.7 eV, (which has been derived from a comparative autoionization study of condensed c 6 0 and c60 matrix isolated in Xe) [40] should reduce U to a value of U<yy = U -V which would then be comparable in size to the bandwidth [41] . The counter-argument is that the nearestneighbour interaction is excitonic in character (and hence charge neutral), and that the full; unscreened U should determine the proposed transport gap~of stoichiometric K3c60 [39, 421 . It has also been proposed that the critical (i.e. minimum) value of the correlation energy, U,,,, required for the formation of a Mott insulator depends on both the degeneracy and filling (N) of the electronic system in question [38] . In [38] , for the case of A,Ca, the degeneracy of the t,,-derived conduction states is taken to be three, with a maximum U,i, resulting for half filling, and a smaller UC,,, resulting for four electrons in the f l u levels~(i.e. &C,jo). This means that the U required to drive non-metallic is greater than the corresponding value for A4C,jo, which would be consistent with the metallic and non-metallic nature of the A3C60 and A4C,jo fullerides respectively.
Jahn-Teller distortion
Further to the possibility that A3C60 could be less 'U sensitive' (i.e. have a higher Ucrit) than other fullerides just mentioned above, the inclusion of the possibility of a lifting of the tl, threefold degeneracy [43] in a (C60)"-system as a result of Jahn-Teller (JT) distortion has also been considered 144, 451. This has consequences for the magnitude of U itself. The phonon contribution to U in (Cm)"-is found to be negative for odd n and positive for even n, which would also favour less correlated behaviour in A3Cm as opposed to &C60.
While it is generally accepted that JT coupling is important for the (c60y-molecule, for example for an accurate description of the gas phase PES of (Cm)- [46] , the question as to whether such JT effects survive in the solid remains open. Such electron-phonon coupling processes in the A+& fullerides are also of additional interest in the context of whether a phonon-mediated mechanism is responsible for the superconductivity and will certainly be the subject of further theoretical work in the future.
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High-energy spectroscopic results from pristine fullerenes
The now familiar photoemission profile of a thin film of solid Cao is shown in figure 2 together with the C 1s excitation spectrum of c 6 0 [35, 471. As was discussed in section 2, these measurements provide a picture of the occupied and unoccupied DOS of solid Cm, respectively. What is striking is the sharp and well separated features in the low-energy region of the spectrum of the solid. This points to the high degeneracy of the electronic levels as expected from the high symmetry of the molecule and in general to the weak interaction between the fullerene molecules in the solid state. In the occupied states (see figure 2), the bands derived from the HOMO-1 (h8, g8) and HOMO-2 g.) K MOs are centred at 3.7 and 5.8 eV binding energy (BE) respectively, with the lowest-energy feature at 2.3 eV being that derived from the HOMO 011. ) MO.
In analogy with other conjugated carbon systems [l 11, the structure in the C 1s excitation spectrum at energies below -290 eV is attributed to transitions into bands derived from the unoccupied x* MOs and the step-like structure at -290 eV corresponds to the onset of transitions into the unoccupied U * levels. Thus the leading peak in the C 1s excitation spectrum represents transitions into the empty band derived from the triply degenerate LUMO (I,.) of c60. The data shown in figure 2 are representative of (& photoemission [48-521 and C Is excitation spectra [50, 531 in the literature.
There have been many comparisons of the predicted electronic structure of fullerenes and fullerides with the results from experiment [35, 49, 50, 521 . The overall agreement is quite good, but there remain important discrepancies such as the underestimation of both the magnitude of the bandgap and the width of the bands derived from the HOMO and LUMO levels in the solid state. In addition, the predicted fine structure arising for example from the five h,, subbands of the HOMO-derived feature is not observed in experiment [56] are shown in the left-hand panel of figure 3 , and are representative of other data in the literature [57, 581. The electron removal states located closest to E.F. at -1.54 eV BE, are derived from the molecular HOMOS, together with some of the deeper-lying K * MOs, (e.g. the HOMO-I of &). This is followed by a group located at -6 eV and a third lying deeper in energy between -7 and 9 eV BE. The similarity of the gross features of the electronic structure from one fullerene to the next stems from their common molecular architecture. However, the spectra do differ, most noticeably in the first set of bands at lowest BE which results from the greater sensitivity of the highest-lying MOs to the details of the individual fullerene geometry and structure in the solid state. The lower molecular symmetry of the higher fullerenes is expressed in the reduced degeneracy of the molecular energy levels and thus an increased width of the observed bands in the PES spectra.
In the right-hand panel of figure 3 , we show the C Is excitation spectra of C60 [47] , C~O Further information about the distribution of the x and n* bands in the pristine fullerenes figure   4 . The general structure is familiar from studies of graphite [61] and conjugated polymers [I 11 , in which transitions between the occupied and unoccupied z and n*-derived states give rise to peaks~ in the loss function, resulting in maxima centred at -6 and -25 eV which are often refemed to as the H and x +U plasmon, respectively. The number of peaks due to x+x* transitions resolved for C~O , and to a lesser extent for the higher fullerenes, is further evidence of the degree to which the molecular nature of the electronic structure of the fullerenes is retained in the solid state. The onset of the loss function decreases as fullerene size increases, from 1.8 eV for C~O to 1.2 eV for CM. The loss functions shown in figure 4 can be used to derive E , and c2 and hence the optical conductivity of each fullerene, showing the individual transitions between the a-and a*-derived bands [47, 56, 59, 621. EELS in transmission also allows measurement of the loss function as a function of momentum transfer, q. Figure 5 shows the optical conductivity, m(w). of Cao as a function of q up to 1.4 A-', which has been derived from the loss function [63] . At low q, dipoleallowed transitions are favoured, but at high q these are suppressed in favour of monopole and quadrupole transitions. In figure 5 , the intensity of a number of the features oscillates as a function of q. The transition responsible for the onset of the loss function at -1.8 eV is non-dipole in character, as initially it is enhanced as q increases. In contrast those transitions giving rise to stmcture at -2.4,and -3.8 eV appear to be dipole allowed as initially their intensity falls off as q is increased. Added insight into the character of the transitions between the IT-and x*-derived bands can be obtained from the intrinsic satellite structure observed in the C Is core level photoemission spectrum of solid C~O . As was discussed earlier, photoemission gives a measure of the energy distribution of the electronic levels of the system in the ionized final state. Consequently it is possible to have final states in which the valence band electronic distribution is not that of the ground state, for example by excitation of an electron into one of the low-lying unoccupied levels. In such a situation, the energy of the final state is higher and so a satellite feature (sometimes called a 'shake-up') appears at higher BE in the spectrum. separated from the main line by the energy of the valence band excitation. Figure 6 shows the C Is core level phomemission spectrum of a thin film of C60 grown on GeS(001) recorded with 400 eV photons from the SRS, Daresbury Laboratory (UK) [55] .
In agreement with previous studies 152, 641, the main part of the spectrum consists of a single, symmetric peak located at a binding energy of -285 eV. The FWHM of 780 meV is resolution limited. The satellite structure at higher BE is is also shown, amplified by a factor of four, together with the loss function of solid c 6 0 (as shown in figure 4) . Satellite structures are visible at separations of 1. 9, 3.8, -4.9, 5.9, -7.6 , and 9.6 eV from the main C 1s core line. Many of the features in the PES spectrum have analogues in the loss function, and thus can be assigned to the excitation of x+x* transitions. It is interesting to compare the relative intensities of the features in the EELS spectrum (which picks out dipole transitions) and those from the shake-up process (which allows monopole transitions) [9] . The most obvious intensity differences are between the H plasmon excitation at 6 eV (which is more intense in EELS), and the 1.9 eV feature which is strongly favoured in the shake-up spectrum. This also suggests that the transition responsible for the 1.8 eV onset seen in the loss function measured by EELS is monopolar in character. In EELS conducted with these high primary beam energies, this transition is in fact a singlet exciton, in which an electron has been excited from the HOMO-to the LUMO-derived levels of the same C a molecule in the solid. The corresponding triplet exciton is observed at -1.5 eV in EELS in reflection [65] ~ and solid state optical absorption data [66] . The fact that the onset of the optical absorption spectrum of c 6 0 in solution is also about 1. 5 e $ ' [67] , adds weight to the argument that the 'gap' transitions observed in EELS and optics correspond to the formation of a Frenkel exciton (a charge neutral excitation) [34] . The true transport gap of solid Ca-the energy required to remove an electron from one C60 molecule and put in onto a second, widely separated, molecule-is given by the separation of the onsets of the PES and IPES spectra, which is -2.3 eV (onset to onset) or -3.5 eV (HOMO peak to LUMO peak) [9, 34, 54, 681 As was discussed in subsection 4.4, U for two holes located on the same C a molecule is of the order of 1.5 eV. It is this relatively large value of U in comparison to the bandwidth which results in exciton formation, and means that the energy penalty paid for the creation of separate ( N -1) and ( N + I) states is not equal to the simple splitting in energy between the highest occupied and lowest unoccupied MOs. The distinction between electron removal (e.g. hl,-derived states in C a ) and electron addition (e.g. tl,-derived states in C6o) states is clearly seen from the separation of the hl, and tlu levels of K6Ca in the solid state (see figure 8) which is -1.7 eV [35] , as both of these levels are now electron removal states (although the non-rigid band-like changes of the electronic structure upon intercalation also play a role here).
Excitons also play a role in the low-energy excitation spectra of the higher fullerenes.
In figure 4 shown above, for each of the fullerenes measured, the gap from EELS in the solid state is also similar to that observed in solution, and is significantly smaller than the transport gap derived from PESlIPES data. From the difference between the EELS and PESiIPES gap values, the exciton binding energy can be estimated to be -0.5-0.8 eV for c60. c70 and c 8 4 Wl.
The preceding discussion highlights the tendency of solid C a and other fullerenes to behave in a localized, molecular manner. In addition, the prediction that despite the orientational disorder, K& does support extended, band-like electronic states should be tested [32] . One test of this is the observation, or otherwise, of band dispersion in C a using ARPES (as the preparation of single crystals of K3C60 suitable for ARPES measurements has yet to be mastered [55, 72, 73] . In the first, photoemission carried out with hu = 29 eV showed few signs of dispersive behaviour in either the HOMO-or (HOMO-1)-derived bands, but with hu = 8.1 eV revealed significant structure in the HOMO-derived band [72] . This structure was interpreted in terms of two main components. one which remains relatively constant in energy and one which disperses by -400 meV along the r-K direction of the surface Brillouin zone (SBZ). The dispersive feature is accompanied by two vibronic sidebands each separated by -200 meV, thus leading to the observed HOMO band width of -1 eV. The difference between the data recorded with hu = 29 and 8. I eV was attributed to the improved k-resolution achieved using lower photon energy. However, photoemission with photon energies as low as 8 eV no longer gives information solely on the initid DOS, but rather on the energy distribution of the joint (initial and final) density of states. Therefore the fine structure observed with hu = 8.1 eV could also result from either strong modulations in the cross-section for photoemission from the five underlying HOMO subbands into the highly structured final states only a few electron volts above E F , or dispersion of the final states themselves. In an attempt to resolve this question, we carried out high-resolution ARPES experiments with a photon energy (hu = 16.8 eV) intermediate between those used in [72] . The data are shown in figure 7 . No large angle-dependent changes are observed in the HOMO-derived manifold, but distinct changes are observed in the HOMO-1, with a shoulder gradually dispersing to higher BE than the main band on scanning along the r-K-M high-symmeny direction of the C60(lI1) SBZ [55, 741. Although the momentum resolution conferred by the higher final state energy is inferior to that at hu < 10 eV. the gradual changes in the HOMO-1 feature as a function of IC,, suggestdispersion in either the initial and/or final states as the underlying cause of the angledependent spectral structure. However, the small size and three dimensionality of the Brillouin zone of C~O , together with the multiband nature of both the HOMO and HOMO-1 features, make it impossible to assign a particular~featw~ in the EDCs to a corresponding subband in the bandstructure [74] . A similar conclusion was arrived at recently in a thorough ARPES study of C, ( 11 1) conducted with 8.1 c hu i 10.8 eV [73] . Here, the role of the final DOS was clearly shown, with features observed in~both the HOMO and HOMO-1 spectra due to photoemission into a final state -6.2 eV above EF which shows dispersion of -0.6 eV on going from to a [73] .
For photoemission at normal emission with hu = 9 eV, the width of the HOMO-1 feature in [73] was only -0.6 eV, which on comparison with the width of -1 eV observed in gas phase PES spectra [75] , led the authors to discount vibronic losses as a major contribution to the observed bandwidth in photoemission of solid c60 [73] .
_ _ _ _ _
High-energy spectroscopic results from fullerides
In the second half of this article, we will discuss the electronic structure of fullerides from the point of view of high-energy spectroscopies. Fulleride is the term coined for the generally ionic compounds formed on intercalation of fullerenes with the alkali and alkaline-earth metals [76] .~In the following, we use the A&O (A = K, Rb and Ca) and AX70 (A = Rb) systems as examples with which to relate the present understanding of fulleride electronic structure and highlight some of the current issues in this field.
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The alkali metal c60frrlleride.7, A,&
Before discussing the data from the A&o materials in detail, it is worthwhile to briefly consider the issue of the stoichiometry of fulleride samples studied using high-energy spectroscopy. In a typical high-energy spectroscopic study of a fulleride system, it is no easy task to precisely determine the doping value, x , and the phase or phases present in the sample under investigation, the exception being the saturated A6C60 (A = K, Rb, Cs) phases. As far as the global stoichiometry is concerned, core level PES (XPS) measurements, if available, represent the best method for determining (within an accuracy of 10%) the A/C ratio pertinent to the near surface layer probed by the valence band PES. This method has been used by many groups [9, 35, 37, 77] . It has been proposed [781 that, due to its surface sensitivity, PES measurements represent the superposition of bulk and surface spectra.' the latter due to the differing K coordination of the C60 molecules at the surface. An additional quantification method involves the analysis of the integrated area of the fullerene LUMOderived spectral, weight normalized to the area of the HOMO (or HOMO plus HOMOtl), using either XPSXAS measurements as a calibration, or the assumption that intercalation stops at x = 6 [9, 35. 50, 79-82]. ~A further option is to study the electrical conductivity of a test film grown in parallel to that under investigation, assuming, for example. that the conductivity is a maximum for A& (A = K, Rb) [51. 68, 811. This method suffers from the drawbacks that the conductivity measurement is usually not carried out on the same sample that is investigated using high-energy spectroscopy, and that the probing depths of the two experiments can be very different. Some of the discrepancies between the high-energy spectroscopic data in the literature, and the debate these have raised, can be traced back to differences in the intercalation stage between.the samples studied in the different laboratories, despite a common x value designated by the authors in each case. In addition, it has long been realized that the growth of fulleride thin films under UHV conditions may represent conditions far from equilibrium. for example resulting in &c60 formation in a film whose global stoichiometry lies below x = 3 [83] . This can mean that the global stoichiometry of the fulleride film does not in itself designate the phase(s) present in the sample. (Phase-related information can however be gathered from the analysis of the K 2p XPS~lineshape, which allows the determination of the relative number of K' ions occupying the tetrahedral and octahedral interstitial sites of the c 6 0 host lattice [84] . This technique has been exploited to derive a phase diagram for the K<60 and K<,o systems 116. 85, 861.) Thus the photoemission data Of~C60, K3c60, K & j o and &Cm shown in the left-hand panel of figure 8 are representative of the phases indicated, bui for the reasons outlined above do not necessarily correspond to an overall sample stoichiometry of exactly x = 3, 4 and 6. The spectrum labelled (U-C~O was recorded from a sample which had been exposed to a very low flux of K atoms, which results in a highly dilute solid solution of K+ in c60. The Fermi level in this case is pinned at donor levels at the base of the LUMO-derived bands, thus causing a shift of the spectrum to higher BE in comparison to the spectrum of pristine C60~~hown,in figure. 3. For K3C60, the charge transfer of three electrons to c 6 0 is clearly signalled by the presence of a new feature located in the former gap. This is the half-filled band formed from the triply degenerate molecular (tlu) LUMO. On further intercalation to x -4 the LUMO-derived peak has grown further and shifted away from E F , resulting in small or zero intensity at E p . By x = 6 the LUMO-derived band is completely full and there is a clear gap between the highest occupied (t,.) states and E F . For samples prepared in this manner (see section 3), no unique spectral signature of Kc60 is found at room temperature and spectra for samples with 0 i x e 3 can be synthesised from the sum of the appropriately weighted spectra of [89] . However, recent work suggests that different preparation conditions can result in the formation of KCm. At elevated temperature, AC60 (A = K, Rb Cs) is fcc with the alkali metal ion situated in the octahedral site (rock-salt structure) [21] . On slow cooling, an orthorhombic structure is formed with an unusually short intermolecular distance along the crystallographic a direction [90] . These orthopolymers are (unusual) metals at room temperature, and show a transition to a spin density wave (SDW) state below -90 K [22, 91.
The right-hand panel of figure 8 shows the C Is core level excitation spectra of the same systems [47, 921 . The samples for EELS measurements were -1500 A thick, the K3C60 and GCso samples being prepared by vacuum distillation. In situ electron diffraction measurements could further confirm the phase purity of the fcc K3C60 [931, bct K&, o [94] and bcc K&o [47] samples. As in figure 3 , the spectra are normalized to the height of the C ls+u* step at -290 eV. The uppermost spectrum (pristine (260) has been discussed earlier, and shows structures due to transitions into the bands derived from ?r' molecular orbitals of Cso. The first feature, due to C ls-ttx. (Cso L W O ) transitions, decreases in intensity by 50% on going from c60 to K3& as would be expected for half filling of the LUMO-derived band. For %C60, its intensity is additionally reduced, consistent with further charge transfer fa c60. In &&, this feature is no longer visible. as the t,, band is completely filled [47] and is therefore seen to lie complelely below the Fermi level in the PES spectrum. Thus the first peak represents instead transitions into states derived from the molecular tis level, as is illustrated by the connecting guide lines drawn in the figure. The second peak corresponds to transitions into states derived from the molecular h, level. The shift to lower energy and the broadening apparent in the spectra of the fullerides both show the relaxation of the electronic structure o f C~O on intercalation, as well as the charge-transfer-induced chemical shift of the core level.
It is clear from figure 8 that a relatively straightforward picture of the electronic structure of c60 and &c60 suffices, with gaps between the occupied and unoccupied electronic levels as expected, albeit the magnitude of which may well reflect a strong on-site Coulomb repulsion energy. However, it is in the intermediate regime that things become more complex. In the following we discuss the PES and EELS spectra of the A3Cm materials in some detail, with particular reference to the alternative interpretations of their t1,-derived spectral weight measured in photoemission. We then close the section devoted to alkali metal fullerides with a discussion of the high-energy spectroscopic data from the A4C60 materials.
PES data [35, 50, 77, 95, , as well as conductivity measurements of K,Cm prepared in vacuo [36, 97, 981 attest to the metallic nature of a phase in thin-film samples with x equal or close to three. However, as was discussed in subsection 4.4, the magnitude of U in solid Cm has lead to the suggestion that stoichiometric K& has a gap of -0.7 eV, with the metallic and superconducting phase being off stoichiometric [34] . Nonetheless, the convergence of most of the experimental data to date towards integral K content does not allow a large deviation from x = 3.0. If, for the sake of argument, we set aside the debate over the exact stoichiometry of the A3C,jo superconductors, it is interesting to examine to what extent the independent-particle picture is successful in the detailed description of the high-energy spectroscopic data from the A. & systems. It can be seen from the data of figure 8 that the description of K~C~O ' S electron removal (PES)'and electron addition [99] spectra in terms of a rigid shift of the Fermi level through the DOS predicted within the independent-particle approximation is not very accurate. Quite apart from the relatively constant BE position of the peak representing the occupied~~h, (HOMO) states of c6Q through the K,c60 PES series and the changing relative energies of the unoccupied bands as a function of intercalation, the departures from the rigid-band description are most easily seen in the tl,-derived spectral weight. LDA quasiparticle calculations predict a total tlu bandwidth of -0.7 eV for K& 1331. Thus one would expect an occupied part of this band of width 0.35 eV appearing in the PES spectra. The width of the occupied part of the t l u spectral weight seen in PES is -1.2 eV, and so when one considers~ in addition the unoccupied part, it becomes rapidly clear that something is resulting in a redistribution of the tlu spectral weight. weight can be gained from the the high-resolution photoemission measurements of K3Ca and Rb&o~ at low temperature shown in figure 9 , in which fine structure becomes visible comprising a peak at E.= followed by a second peak located some 250 meV to higher BE, with a broader feature centred at -600 meV. Similar data have been recorded for K3C60 by Benning er al [95] . The structures near EF. (0 < BE < 300 meV) are generally agreed to be phonon satellites, resulting from the excitation of molecular vibrons during the photoemission process [95] , in analogy to the phonon sidebands observed in the PES of gas phase C, [46] . Also shown in figure 9 are PES profiles of A3Cm calculated within a model
[IOO] which shows that good agreement can be found by taking into account relatively strong coupling of thc electronic system to the molecular Ag and Hg modes ( h j N ( 0 ) = 0.095),
together with coupling to the charge carrier plasmon observed at -0.5 eV in EELS studies.
An alternative interpretation of the PES intensity at higher energies has been proposed in terms of a shift of spectral weight due to the effects of correlation [95] , in which it is suggested that K&O could lie in the region of U / W in which a remnant of the lower Hubbard band remains in the electron removal spectrum, despite the clear metallic nature of the carriers close to EF. [ l o l l . Calculations of the electron removal spectrum of offstoichiometric K~& o within a localized degenerate Hubbard model arc able to reproduce satellite structure at higher energies, in both the tlu-and h,-derived spectral weight [39] .
However, for good agreement with the experimental PES spectra both a non-stoichiometry of S > Jr0.4 and a value of U = 0.7 are required. This non-stoichiometry is outside the range of the commonly agreed error bars in the XPS analysis used to determine the sample stoichiometry in the PES experiments. Perhaps more importantly, U = 0.7 eV is about one-half of the value determined experimentally for c 6 0 and K&m 134, 371. Direct determination of U in K J C~ by comparison of Auger and PES spectra is complicated by intermolecular screening of the core hole in the Auger initial state leading to a shift of the Auger spectrum. It has however been concluded that U should be of the same magnitude as in Cao and K 6 c 6 0 [37] Figure 10 shows high-resolution PES measurements of the tl,-derived spectral weight
of K3Cm recorded as a function of temperature between 15 and 425 K [102]. Similar results have also been observed for Rb~C60 [IOO] . The smearing out of the fine structure and reduction of the intensity at E F observed as the temperature is increased is greater than can be accounted for by simple thermal broadening. The calculated PES profile, using the same method as gave a good fit for the low-temperature spectrum in figure 9 , is shown as a solid line superimposed upon the T = 425 K PES spectrum. The calculation takes into account the broader Fermi-Dirac distribution at this temperature as well any changes in the population of the C60 molecular vibrations, but is still clearly unable to account for the observed transfer of spectral weight to higher energies. The gradual change in spectral profile across the whole temperature range and the similarity in the behaviour of both K& and Rb3C60 argues against phase transitions as a cause. It remains an open question as to whether coupling to either low-energy anharmonic alkali metal optical phonons or librations or a disorder-driven transition f r o m~a metallic to a localized state may play a role in the observed temperature dependence of the tl,-derived spectral weight.
Further insight into the evolution of the electronic structure of c 6 0 as a function of alkali metal intercalation is possible from the study of the valence band excitations of the fullerides. Figure 11 shows the loss functions for low momentum transfer of of Cm, K3C60, &c60 and K6C60 [47, 921 . The samples are the same as those from which the C 1s excitation data of figure 8 were recorded. The energy range displayed (up to 2 eV) contains only features related to the low-energy intraband and interband (ir+a*) excitations-the higher-energy features of the K&jO loss function are similar to that of c60 with K and (K + U ) plasmons located at -6 and 25 eV, respectively [47] . The clear gap in the valence band excitation spectra of Cao at low-energy (figure 11) points once again to its insulating nature, with the dipole-forbidden, excitonic gap transition giving rise to the weak spectral structure at conduction bands and transitions within the three tlu subbands themselves [93] . The second new feature at -1.2 eV. is related to the transition from the now partially filled tlu bands into the unoccupied tl, (Cao LUMO+I) bands. EELS in transmission measurements also allow the study of the 0.55 eV plasmon in K&, as a function of momentum transfer, q.
Recently it was proposed that as a consequence of the high degree of localization of the charge carriers on the c 6 0 molecular units, the plasmon dispersion should be negative in q [103] . This is not what would be expected for a simple free-electron metal, in which a positive quadratic plasmon dispersion is observed, in agreement with the predictions of calculations carried out within the random phase approximation (RPA) [104] . Figure 12 shows the loss function of Kf& in the region of the charge carrier plasmon measured across a q range of more than 0.5 A-' (which is greater than the K& Brillouin zone dimension of -0.44 k 1 )~[ 1 0 2 , 1051. The measured energy position of the plasmon does not change within experimental uncertainty. This can be understood in terms of the interplay between the local field corrections to RPA which lead to negative dispersion (as pointed out by the authors of [103] ), and the reduced screening of the plasmon at higher q due to the background dielectric function resulting from interband transitions [ 1051. This screening appears to almost exactly offset the local field effects resulting in the observed lack of dispersion [1051.
The loss function of K&o is more straightfonvard. with a single asymmetric peak located at -1.35 eV resulting from tIutlg interband transitions [47, 941. For low momentum transfer, the intensity of this first feature in QCso is significantly greater than that of the 1260 gap transition, as in the fulleride the gap transition is dipole allowed. The loss functions recorded from other &Ca fullerides (A = Na, Rb, Cs) are very similar to that of &Ca [47] , attesting to the relative lack of perturbation of the c60 molecular orbital degeneracy in the A6C60 fullerides. From the preceding discussion it is clear that the simplest picture in which fullerides with partially filled bands are metallic, with the conduction band electronic structure determined by the position of the Fermi level in the tlU DOS is insufficient to account for the details of the electron removal and electron addition spectra of the A&o materials. We now progress to the discussion of the &c60 (A = K, Rb,~ Cs) materials-which also contrary to the simple model outlined above are non-metals [95. 97, 106, 1071 . Despite the fact that the failure of these materials to show metallic behaviour is potentially as interesting (although not as glamorous) as the superconductivity observed in the intensively studied A&o fullerides, there have been .few studies dedicated to the electronic properties of &c60 [27, 97, 1061 . In thin-film conductivity studies it has been found that 'back-doping' from A& by addition of C& readily produces a recognisable &Cm signature, whereas doping 'forwards' from x -3 tends to result in a less clear-cut A4C6o phase [36] . This observation can be understood as a result of the body-centred (cubic) structure of forming a better template for bct &C@ formation than does fcc A&. One result of'this was the ease with which^ it was possible to 'miss' the A4C60 phase in, for example, PES investigations with intercalation carried out in the 'forward' direction [108] . A still better method for the production of phase-pure A4Cso material is vacuum distillation (see section 3). With the benefit of hindsight, or vacuum distillation, it is now arelalively straightforward task to produce a more or less phase pure &Ca. As regards'electronic structure, it is clear from the data shown in figures 8-1 1 that in the case of K&@ the simple picture of fulleride electronic structure breaks down completely. The photoemission spectrum (figure 8) shows zero or close to zero DOS at E F , consistent with the non-metallicity of IQ&, despite the nominally partially filled tiu band [106] . In the C Is excitation spectrum, the peaks representing C ls+ti, and C Is-+h, transitions appear to be broader than in &c60 (which is also non-metallic, and so the lifetime and core excitonic effects would be expected to be similar). The loss function shown in figure 11 provides evidence that the electronic states of & c 6 0 close to E F are split, and it is this splitting which is responsible for the broadening in the C 1s excitation spectrum and the lack of intensity at E F in the photoemission. The other &c60 fullerides have similar loss functions, although the spectral structure seems to become sharper on going from A = Na + K -+ Rb -+ Cs, which may result from the larger number of nearest neighbours in the fcc NuCm, and the increasing lattice constant as the alkali metal radius increases-thus leading to a decreased overlap of the c 6 0 molecular orbitals [94] . The splitting makes itself clear in figure 11 as the appearance of a number of extra features in the loss function, in place of the excitations between the tlu-and t18-derived levels that appear at 1.4 eV for &c60. New features are observable at 0.65, 1.1 and 1.65 eV for K4C60. As & c 6 0 is an insulator, these new features must be due either to transitions between states derived from the t1, levels, or between states derived from the filled t1, and empty ti, levels. In a simple picture, the remnants of the former Cm gap transition (h, + tl,) would appear at -1.8 eV, as in C~O itself, and all other possible transitions between more widely separated electronic levels would lie to higher energy. At the time of writing, it is not completely clear what is responsible for the splitting of the electronic levels near EF (i.e. the lowering of the degeneracy) in the A4Cm materials, possible candidates however, being the effects of electron correlation [38] , electron-phonon coupling expressed as a Jahn-Teller splitting of the electronic levels around EF [44, 451, or the formation of a spin or charge density wave [ 1091. AS discussed-earlier (subsection 4.5). Jahn-Teller effects are agreed to be important for the (C6o)n-molecule [46] , although to what extent they would survive solid formation is unclear at present. The Jahn-Teller picture in the solid state does however gain support from the observation of satellites due to electron-phonon coupling observed in the PES spectra of K3C60 [95, 1001 (see figure 9 ) and (c60)-;-molecules adsorbed upon the,K/Au(llO)c(2 x 2) surface [I 101.
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6.2. The alkaline-earth fullerides: Cffxc6Q and'Ba,C60
The electronic structure of some of the alkaline-earth-intercalated fullerides has also been investigated using high-energy spectroscopy. Following the discovery of superconductivity in Ca&o [ l l I] and Ba&6, , [ 1121, these compounds have been the most widely investigated. For both of the superconducting compositions, hybridization has been predicted between the alkaline-earth levels and those of the fullerene from LDA bandstructure calculations [113] [114] [115] . In other words, the assumption of total charge transfer from guest to host can no longer be made. The accuracy of this prediction has been borne out in PES studies of the AExC60 (AE = Ca and Ba) systems, in which intercalation beyond x -3 results in the appearance of alkaline-earth electronic states in the occupied electronic structure within a few electron volts of EF. [113, 116, 1171. These AE-derived states have been observed either by recording the PES EDCs at higher photon energies (e.g. with AI Kor x-rays), at which stage the photoionization cross-section greatly favours emission from the AE-derived electronic states [113, 1161, or, in the case of BaxC60, using resonant photoemission at the Ba 4d threshold to highlight the Ba-related spectral structures [I 171 . Despite the hybridization, at higher intercalation levels such as those in the superconducting compositions, enough charge is transferred from the alkaline-earth atoms to populate the band derived from the C~O tlp MOs (i.e. the LUMO+I of Cm).
In such cases. the study of core level excitation spectra has the advantage that it allows the site specific estimation of the degree of charge transfer in the alkaline-earth fullerides. Figure 13 shows the C Is excitation spectra of Ca&o together with that of & c 6 0 [118] .
The reduction in intensity of the first feature with increasing Ca content clearly signals the charge transfer from Ca on successive intercalation. The C 1s excitation spectrum of Ca~,&o closely resembles that of K&O, in which six electrons have been transferred to the fullerene host's tl.-derived band, which is then located fully below EF (and so not seen in the C 1s excitation spectrum). For Ca5.6c60 the tl,-derived feature is absent as expected, but the intensity of the next tlR-related feature is also significantly reduced. On further intercalation to x -7, the tlX spectral weight is still smaller, and one can roughly estimate a C~O charge state in Ca7C60 of -1 1-, clearly showing the reduced degree of charge transfer from the Ca at higher intercalation levels. Charge states greater than 6-have also been observed in PES studies of c 6 0 molecules deposited in submonolayer coverages upon alkali metal films held at low temperature-one group 11071 reporting maximum possible charge states of ( C~O )~-and others [I 10 . 1191 (C60)''-for c 6 0 on thick K films. The significant point in the case of the Ca and Ba fulleride superconductors is that the electronic states at E F responsible for superconductivity are located in a different band (tlr derived) than those in the alkali metal AsCm superconductors (tlu derived:.
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Higher fullerene intercalation compounds (e.g. Rb,C,o) and endohedral fullerenes
In analogy with the c60 fullerides. intercalation compounds can also be formed between the higher fullerenes and metals. Due mainly to supply, AxC70 has been the focus of most spectroscopic attention in this area [16, 47, 120, 1211, although Axc76 [122], AxC82, [82] A,Cm [@I, 1231 and [124] have also been studied by high-energy spectroscopy, mostly for A = K. In this final section, we use EELS and PES data from Rb,C70 as an example with which to highlight the similarities and differences between the fullerides formed between c 6 0 and the higher fullerenes studied to date. Figure 14 we show the PES and C 1s excitation spectra of Rb,C70 [47] . On intercalation with Rb, it is clear that charge transfer from the Rb atoms to the fullerene molecules takes place, with the intensity of the first feature in the C 1s excitation spectrum decreasing concurrently with the appearance of a new feature between the HOMO and EF in the PES spectra. Under these conditions intercalation is complete at x -6, with a clear gap separating the now occupied LUMO-derived states from E F in the PES spectrum. The RbxC70 samples studied here were produced by sequential evaporation of alkali metal onto a fullerene film, and thus, from our earlier experiences with C60 fulleride formation, we would expect a degree of phase mixture in these samples. This means that the spectra shown in figure 14 are not necessarily those of the single crystallographic phases represented by the indicated x values. In addition, it is still unknown which are the equilibrium phases in the R R 7 0 system. What is clear from the PES spectra,, however, is that in contrast with the case of
, there is at no stage a clear spectral signature of a metallic system-i.e. there is no well defined, sharp cut-off at E F , in agreement with the lack of ~a plasmon associated with charge carriers in-the valence band excitations of 'the RbxC70 system [47] . The s h e behaviour has also been observed in, the K-Clo system, in which PES studies of phase pure samples'prepared using vacuum distillation showed that at room temperature Kc70, &c70 and K6C7o are stable, with a K,C,o phase stable only at elevated temperature [161. If the conclusions drawn from the KX70 system also apply here, the broad feature in the electron removal (PES) spectrum at -1.2 eV seen for X -1.3 in figure ' 14 is characteristic of RbC70. with the peaks at -0.75 and -0.9 eV developing on increasing Rb intercalation characterizing the LUMO-derrved spectral weight ofRbiCii and RbsC70, respectively. The 'RbxC70' C Is excitation spectrum shown in figure 14 would then represent that of a mixture of the RbClo and Rb& phases. Following the procedure used for C a [34, 371, U has been determined to be -I eV for C70 [57]-thus-also placing this fullerene in the strongly correlated regime and providing a possible cause of the nonmetallic nature of the AX70 (A = K, Rb) materials, as has been suggested for A = K
The situation, not least as regards the theoretical treatment of A,C70 electronic structure, is complicated by the lower degeneracy of C70. For example, the first set of ArC70 electron addition states, that are seen to be able to accommodate up to six electrons, cannot be .
[16].
~ ~ derived from a single degenerate group of C,, molecular orbitals with the same symmetry (unlike the tl,-derived states of c60), as the maximum orbital degeneracy allowed by C~O ' S D5h molecular symmetry is twofold [125] . The C~O 'LUM0'-derived states most probably arise instead from the overlap of three low-lying unoccupied molecular orbitals. As mentioned at the start of this section, the intercalation compounds of other higher fullerenes besides C~O have also been studied using high-energy spectroscopies. In all cases, electron removal spectra consistent with non-metallic behaviour have been observed. The dual advantages of high-energy spectroscopies such as PES, that one can work with very small quantities of higher fullerenes and in an 'atmosphere' (i.e. W ) in which alkali fullerides are stable, allow the investigation of the intercalation compounds of higher fullerenes long before sufficient quantities are available for detailed bulk measurements. This can mean, however. that although such measurements provide a valuable 'screening' procedure for the discovery of more metallic and possibly superconducting fullerides, a full understanding of the physics of these materials may often require information from complementaly sources.
A further field in which an early contribution has been made by high-energy spectroscopy is that of endohedral fullerenes. Here the separation and purification procedures are even more difficult than for the 'empty' higher fullerenes, thus resulting in the worldwide availability even in the case of the most easily prepared materials such as La@Csz of only a few milligrams. This material has proved to be stable with respect to thermal evaporation in UHV and so has been studied using PES [126. 1271. Comparison of the spectra of Cg2 and the endohedral show that inclusion of the La ion ( U S studies show that the La atom is electronically very similar to that in La203 [128] )~results in the appearance of new electron removal states between the Ca2 HOMO and EF-i.e. there is charge transfer from the La atom to the C S~ cage. These states, however, do not cut the Fermi level, signalling the nonmetallic nature of condensed La@CS2 [ I 2 6 1271. In addition, the presence of the La atom also results in modification of the fullerene's electronic states up to as much as 15 eV below EF, showing that endohedral inclusion is more complex than just an 'electron doping' of the host molecule [127] . Nevertheless, in the context of the electronic structure and properties of A& discussed above. it would still be an interesting thought experiment to include a 3+ ion such as La inside a fullerene which had threefold LUMO degeneracy-and hence build a solid from (fullerene)?-molecules in which the LUMO-derived band is exactly half full in order to test whether such an idealized, electronically stoichiometric system would be metallic and superconducting, or rather a Mott-Hubbard insulator. The next fullerene with Ih symmetry after C~O is Cno, so we may need to wait a while before being able to try out such ideas in practice.
The experience of the first attempts at higher fullerene intercalation. together with the more extensively researched A&O materials, suggests that the question of why the A.&@, AxC70, A,Cs2 etc materials are non-metallic should be rewritten as 'why out of all the fullerene intercalation compounds without significant gueslihost hybridization are alone the A&@ (A = K, Rb etc) systems metallic and superconducting?'
Summary and future directions
In this review we have tried to relate some of the current issues in the field of the solid state electronic structure of fullerenes and fullerene compounds as probed using high-energy spectroscopies such as PES and EELS. The development of unintercalated fullerene electronic structure in the solid state is shown to follow from that of the molecules themselves, displaying many of the hallmarks of molecular solids including the retention of molecular-like dipole selection rules for interband transitions and the importance of both exciton formation and electron-vibron coupling. The weak intermolecular overlap is also seen to result in narrow bands, which taken in combination with the relatively large on-site Coulomb correlation energy places solid fullerenes in the highly correlated regime.
We have highlighted the discussion surrounding the role of electron correlation in the determination of the electronic structure of the intercalated fullerenes. with particular reference to the electron removal and addition spectra of A+& (A = K, Rb). The possible reasons for the non-metallic nature of &c60 (A = alkali metal) were also discussed in the light of the clear lifting of the degeneracy of the electronic levels near EF observed in the EELS spectra of phase pure samples.
The trends towards the increasingly 'graphitic' nature of unintercalated fullerenes as molecular size increases have been discussed with reference to high-energy spectroscopic data from solid CSO, c70, c76 and C84 and the development of the electronic structure of intercalated higher fullerenes has been illustrated with the example of Rb,C?o.
As ever, the investigations outlined above have raised as many questions as they have answered. A few proposals spring to mind as worthy of immediate attention, such as the further investigation of the AC60 (A = K, Rb) 'orthopolymer' systems, particularly as a function of temperature; investigation of the electronic structure of c60 photopolymer and the study and comparison of isomer-separated higher fullerenes to shed light on the role played by the polyisomeric nature of many of the early samples. In the search for further metallic and possibly superconducting fullerides. the AE-C70 (AE = alkaline-earth) systems should be looked at, as well as intercalation compounds of higher fullerenes with high molecular symmetry. In the near future, these and other questions will be occupying us and other groups employing high-energy spectroscopies to study the electronic structure of fullerenes and their compounds in order to try to contribute to the deeper understanding of these fascinating materials.
